to be of Miocene age (16 -15 Ma) using diatoms and planktonic foraminifera (28) , and magneto-stratigraphy (29) . The total thickness of the Kurosedani Formation is ca. 500 m and tusk-shell concretions are observed in a clayey layer (about 20 metres thick) in the upper level of the formation. The occurrence of tusk-shells in outcrops is shown in Figures 1b and c , in which the shells can be seen to lie in the compacted clayey matrix almost parallel to the sedimentary layers. Based on the morphology and the shell surface texture, collected tusk-shells with concretion were determined to be Fissidentalium spp. (30) .
Methodology and results of each geological and geochemical analysis  Size distribution analysis of concretion
In order to identify the relationship between concretion size and tusk-shell size, D (average diameter of concretion) and d (diameter of tusk-shell mouth) of 24 well-preserved concretions with tusk-shells were measured across cut surfaces through the concretions. The results ( Supplementary Fig. 2a ) show a linear correlation between the concretion diameter and the size of tusk-shell mouth. This suggests that the carbonate source of the concretion is mainly from the decomposed organs of the tusk-shell.
 Microscopic observations
Photomicrograph of a section through a concretion and tusk-shell ( Supplementary Fig.  2b ) shows clearly that sedimentary layers bend around the tusk-shell, which lays almost parallel to the sedimentary plane. SEM images show the difference between micro-pore filling minerals in the concretion and surrounding rock matrices, i.e. the micro-pores in a concretion's matrix are mainly filled by calcite micro-crystals ( Supplementary Fig. 2c ), whereas in contrast the pores of the surrounding matrix are clay-filled ( Supplementary Fig.  2d ). Table 1) Upon sampling, the rock samples and concretions were packed in plastic bags to prevent them from drying and being damaged during transportation to the laboratory. Immediately after arrival at the laboratory, the specimens were saturated with distilled water for 24 hours using a decompression chamber. After saturation, the weights (Ws) and volumes (V) were measured. The saturated specimens were then dried for 3 days at a temperature of 105 °C and then their dry weights were measured (Wd). As Ws-Wd corresponds approximately to void volume, the effective porosity was derived as follows (31): = effective porosity (%)
 Porosity measurement (Supplementary
The results show a clear volumetric difference between the concretion and the surrounding rock matrices due to the micro-pore sealing by calcite.
 XRD analysis
Mineralogical compositions were determined with an X-ray diffractometer (XRD; Multiflex, Rigaku Co.) using crushed and powdered samples and Cu Kα radiation (the Cu being subjected to an electron beam of 40 kV/ 20 mA) (Supplementary Fig. 3 ). XRD patterns show clear differences between the calcite contents of the concretions and surrounding matrix. Quantitative analysis of smectite was also carried out by the internal standard method at the Hokkaido Soil Research Cooperation.
 SXAM analysis
The SXAM intensity maps were reduced to one-dimensional element profiles in a direction perpendicular to the concentric ring pattern identified in a Ca map of a carbonate concretion ( Supplementary Figs. 4a ~ c) , using the lamination trace technique (32) . Ca concentrations were found to be similar across a broad width of a concretion, but were relatively low in the volume originally occupied by the organism and decreased rapidly across the rim of the concretion (Supplementary Fig. 4a ). Fe and Mn concentrations vary in a complementary fashion. The Fe concentrations are elevated in the volume originally occupied by the organism, but Mn concentrations are relatively low in this zone. Outside this zone, Fe concentrations are relatively low, but Mn concentrations increase towards the margin of the concretion. This variation could be explained by the conditions towards the margin of the concretion being less reducing and more alkaline than those in the vicinity of the decaying organism; the stability field of Mn-carbonate extends to higher pH and Eh than the stability field of Fe-carbonate (33).
 δ
13 C and carbon contents measurement δ 13 C and carbon contents of the internal organs of a tusk-shell were measured using EA-IRMS (Thermo Fisher DELTA V Advantage ConFloIV, coupled to an elemental analyzer FlashEA1112). The error of a δ 13 C measurement is 0.1‰. All measured data are shown in Supplementary Table 2 . In particular, the spatial coincidence of both the low δ 13 C from the concretion and the original location of the organism shows that the carbon of the concretion is mainly from the tusk-shell.
 XRF analysis These analyses were undertaken using a Shimadzu SXF-1200 equipped with a Rh X-ray tube. Glass beads were prepared by mixing a portion of each sample, which was ignited at 950°C to decomposed carbonates, with anhydrous lithium tetraborate flux and then fusing (34) . Sample: flux ratios were 0.7g: 6.0g and 2.0g: 4.0g, for major and minor element analyses respectively. Measurements were calibrated with rock reference samples issued by the Geological Survey of Japan (GSJ: Geochemical Reference Sample Data Base, http://www.aist.co.jp/RIODB/db012/ welcome.html). Supplementary Table 3 shows the major element composition of a concretion (01 ~ 05) and surrounding matrix (06 ~ 09). A concretion has a Ca 2+ content that is quite high compared to the matrix. The large ignition loss is consistent with the high content of clay (smectite) in the concretion, a feature that is consistent with the microscopic observation. All measured data are shown in Supplementary  Table 3 .
 Diffusion coefficient of similar type of clay stone (Boom Clay) Table 4 summarizes diffusion coefficients determined by in-situ measurement and laboratory percolation experiments on similar clay-stone i.e. Boom Clay, a Tertiary clay formation distributed in parts of western Europe (24, 25; references shown in the main text). These are values for somewhat consolidated, plastic clay sediments ("stiff clay") and can be used to estimate the minimum growth rate of a concretion.
